Glycogen storage disease type 1a (GSD 1a) is caused by a deficiency in microsomal glucose-6-phosphatase (G6Pase). A variant (GSD 1b) is caused by a defect in the transport of glucose-6-phosphate (G6P) into the microsome and is associated with chronic neutropenia and neutrophil dysfunction. Mutually exclusive mutations in the G6Pase gene and the G6P transport gene establish GSD 1a and GSD 1b as independent molecular processes and are consistent with a multicomponent translocase catalytic model. A modified translocase/catalytic unit model based on biochemical data in a G6Pase knockout mouse has also been proposed for G6Pase catalysis. This model suggests coupling of G6Pase activity and G6P transport. A 5-mo-old girl with hypoglycemia, hepatomegaly, and lactic acidemia was diagnosed with GSD 1a. She also developed neutropenia, neutrophil dysfunction, and recurrent infections characteristic of GSD 1b. Homozygous G188R mutations of the G6Pase gene were identified, but no mutations in the G6P translocase gene were found.
We have subsequently identified a sibling and two unrelated patients with similar genotypic/phenotypic characteristics. The unusual association of neutrophil abnormalities in patients with homozygous G188R mutations in the G6Pase gene supports a modified translocase/catalytic unit model. GSD type 1 is an autosomal recessive disorder that presents with severe hypoglycemia, hepatomegaly, lactic acidemia, hyperlipidemia, and hyperuricemia. Two major subgroups of this inborn error of metabolism have been defined based on clinical and biochemical criteria. GSD type 1a (GSD 1a) is caused by a deficiency in microsomal G6Pase (E.C. 3.1.3.9). G6Pase catalyzes the terminal reaction in gluconeogenesis and glycogenolysis (hydrolysis of G6P) within the endoplasmic reticulum (ER) of hepatocytes and renal epithelial cells (1) (2) (3) (4) . A variant subgroup, GSD 1b, is caused by a defect in the transport of the substrate G6P into the microsome. GSD 1b is associated with normal G6Pase catalytic activity in disrupted microsomes, chronic neutropenia, and neutrophil dysfunction (5, 6) in addition to the aforementioned clinical manifestations of GSD 1a.
Mutations in the G6Pase gene (7) (8) (9) (10) and the G6P translocase gene (11) (12) (13) (14) have established GSD 1a and GSD 1b as independent molecular defects and provide support for the multicomponent translocase catalytic model. This biochemical model proposes that G6Pase function involves the action of three integral proteins: the G6P-specific translocase (T1 transporter) that controls entry of G6P into the ER; a second translocase, denoted T2, that mediates efflux of phosphate; and the phosphohydrolase itself with its lumenal catalytic domain.
Since the cloning of T1 and definition of mutations at this locus, it appears likely that the T1 translocase performs both transport functions, the import of G6P into and transport of phosphate out of the microsome (15) (16) (17) (18) (19) . In either event, mutations in the G6Pase gene have not been associated with abnormalities of PMN.
A modified translocase/catalytic unit model, supported by biochemical data in G6Pase knockout mice, has also been proposed for G6Pase catalysis (20) . This kinetic model suggests coupling of transport and catalysis, with G6Pase activity being important for optimal G6P transport. Although this model originally proposed a single membrane-spanning protein, several recent lines of evidence (including isolation of the T1 cDNA) have led to the modified version (19 -21) . Despite these biochemical findings, changes in G6P transport have not been associated with catalytic defects in patients with GSD 1a. Nor have any GSD 1a patients shown the typical PMN findings of patients with mutations in the T1 translocase gene. Although G6Pase activity is demonstrable in the ER of human PMN (22) , the relatively low transcript levels of G6Pase in PMN would seem to preclude a role in normal leukocyte function (13, 14) .
We report an infant girl, her brother, and two unrelated patients homozygous for the G188R mutation of G6Pase who had recurrent infections, neutropenia, and neutrophil dysfunction typical of GSD 1b due to defects in the T1 transporter.
METHODS

Clinical description.
The index case, a female infant born to nonconsanguineous parents, was referred at age 3 mo for evaluation of dehydration, poor weight gain, hepatomegaly, fasting hypoglycemia, lactic acidemia, recurrent infections, and neutropenia. Initial laboratory studies showed an arterial blood gas of pH 7.22, PCO 2 16.8 mm Hg (2.2 kPa), HCO 3 Ϫ 6.7 mM/L, and lactate 11.6 mM/L. The serum triglycerides exceeded 1000 mg/dL (11.3 mM/L), and the uric acid was elevated. The initial white blood count was 7.4 ϫ 10 3 /L with an absolute neutrophil count (ANC) of 400. A diagnostic fasting challenge with serial glucose and lactate levels revealed glucose 85 mg/dL (4.7 mM/L) at 15 min, 69 mg/dL (3.8 mM/L) at 1 h, and 48 mg/dL (2.7 mM/L) at 2 h; the lactate was 6.3 mM/L at 2 h. At 2.5 h, the glucose was 31 mg/dL (1.7 mM/L) and the lactate 7.2 mM/L. The trial was terminated, the mother fed the infant, and glucose levels subsequently increased. Lactate levels continued to increase, peaking at 8.9 mM/L 4 h after the onset of fasting.
At age 5 mo, a liver biopsy was performed. G6Pase deficiency was demonstrated by enzymatic assays of fresh and frozen tissue. Neutropenia persisted and recurrent infections worsened. A bone marrow aspirate showed slight myeloid hypoplasia (M:E ϭ 1:1) and eosinophilia. Cytogenetic studies were normal. She was started on a 12-mo trial of G-CSF, 2 g/kg s.c., three times weekly. The ANC promptly rose to normal on G-CSF, and a repeat bone marrow aspirate was normal. Approximately 3 mo after discontinuing G-CSF, the neutrophil count fell to pretreatment levels (ANC 300 -600), myeloid hypoplasia and marrow eosinophilia recurred, and the patient again became infected. Therapy with G-CSF was resumed. There was normalization of peripheral blood and bone marrow findings.
At age 9 mo, bilateral pressure equalization tubes were placed because of recurrent otitis media. At age 14 mo, the patient had bilateral ureteroneocystostomy because of recurrent urinary tract infections including pyelonephritis and documented vesicoureteral reflux. G-CSF therapy was resumed at age 21 mo; she has remained on this therapy and done well since then. When the patient was 44 mo old, a sibling was born who developed vomiting, hypoglycemia, hepatomegaly, and lactic acidemia. At the age of 6 wk, he was found to have otitis media, neutropenia, and neutrophil dysfunction. Two unrelated GSD 1a patients with homozygous G188R mutations were found to have classic GSD 1a enzymology. Investigation of these patients also showed chronic neutropenia and neutrophil dysfunction.
G6Pase enzyme assays. Phosphohydrolase activity was determined on extracts from percutaneous liver biopsy specimens according to previously described methods (18 -21) . Assays were performed on both intact and disrupted microsomes (2, 3) . Reaction mixtures (100 L) contained 50 mM cacodylate, pH 6.5, 10 mM G6P, 2 mM EDTA, and appropriate amounts of cell homogenates. Samples were incubated at 30°C for 10 min. Absorbance was determined at 820 nm and correlated to the amount of phosphate released according to a standard curve determined with inorganic phosphate control solutions (7) .
Neutrophil function studies. Peripheral blood samples were obtained with the parents' informed consent. PMN were separated from heparinized peripheral blood (23) . Oxidative metabolism studies were performed using a previously described quantitative 2Ј,7Ј-dichlorofluorescein diacetate (DCFH/DA) flow cytometric method (24) . Results were confirmed by spectrophotometric measurement of superoxide anion production after stimulation of PMN with the agonists PMA and fMLP (25) . Chemotaxis of PMN (26) was measured by migration under agarose (soft agar containing 0.8% agarose and 0.2% gelatin) in response to varying concentrations of fMLP (10 Ϫ5 to 10 Ϫ9 M). Spontaneous motility was evaluated using medium without fMLP. Specific migration was defined as movement toward the chemotactic peptide minus migration in the opposite direction. Phagocytosis and killing of microbes was quantitated using a previously described dual fluorescence assay (27) . Opsonization, staining, and UV microscopy were performed as described (27) (28) (29) .
G6Pase mutation analyses. Genomic DNA was extracted from peripheral blood leukocytes (30) . The entire coding region and exon/intron junctions of the G6Pase gene were amplified using primers and conditions described previously (7, 31) . To identify the mutations at the nucleotide level, PCRamplified genomic DNA fragments were subcloned directly into the vector pCR2.1 using a commercial kit (Invitrogen) and sequenced in their entirety. To assess the presence of this mutation in other patients and relatives, SSCP analysis (31) was performed using the Phastsystem (Pharmacia Biotech). Electrophoresis was carried out under previously described conditions (31) .
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Transfection of mutant and control alleles. To construct the G188R mutant cDNA, site-directed mutagenesis was performed (3). The construction was confirmed by DNA sequencing. Wild-type G6Pase cDNA or mutant G188R cDNA in a pcDNA3 vector (Invitrogen) was transiently transfected into COS-7 cells by the DEAE-dextran method (30) . The vector pcDNA3 without an insert was used as a negative (mock) transfection control. G6Pase activity was measured on extracts prepared from the transfected cells (7) .
SSCP and sequencing analyses for the G6P translocase (or T1 transporter) gene. PCR reactions were performed with primers in 10-L volumes containing 10 -20 ng of genomic DNA template, 1X PCR buffer (Boehringer), 180 M of each dNTP, 0.2 M of each 32 P-end-labeled primers (12), and 0.5 U of Taq DNA polymerase (Boehringer). The PCR and electrophoresis conditions were as previously described (12) . Direct sequencing of PCR products showing a shift in SSCP analysis was performed on both strands using the dsDNA Cycle Sequencing System (GIBCO-BRL).
RESULTS
Hepatocytes from the index case are deficient in G6Pase catalytic activity. Phosphohydrolase activity was measured in liver biopsy specimens from the patient and controls. G6Pase activity was absent in both intact and disrupted microsomal preparations (patient, Ͻ0.075 U; control, 3.5 U; defined as M⅐min Ϫ1 ⅐g Ϫ1 tissue), consistent with the GSD 1a phenotype (2).
Proband and sibling have chronic neutropenia responsive to G-CSF. The duration and severity of chronic neutropenia and response to G-CSF seen in the proband is similar to patients with GSD 1b. In particular, the proband had recurrent Escherichia coli infections that resolved with appropriate treatment. Trials off cytokine therapy confirmed the chronic nature of the neutropenia associated with this mutation. Due to recurrent infections, chronic neutropenia, and neutrophil dysfunction, the sibling has recently started cytokine therapy. Neither parent is affected (data not shown). Within the spectrum of severity of chronic neutropenia and bacterial infections reported in GSD 1b (32-36), our patients' clinical findings suggest a relatively mild course.
PMN isolated from the index case and sibling show impaired function similar to GSD 1b PMN. Oxidative burst studies were performed on patient, sibling, and control PMN by flow cytometry and spectrophotometric assays. Figure 1 and Table 1 show that the proband's PMN form two distinct functional subpopulations, one with normal respiratory burst measurements and the second with reduced superoxide production. Spectrophotometric assays of patient, sibling, and control PMN confirmed these results (Table 2 ). These findings are strikingly similar to results with GSD 1b PMN (26) .
Chemotaxis is consistently abnormal in GSD 1b (26, 32) . In our experiments, normal PMN showed peak-specific migration at 10 Ϫ7 M of chemoattractant, whereas patient and sibling PMN showed little or no migration at fMLP concentrations of 10 Ϫ5 to 10 Ϫ9 M. Quantitative phagocytosis and killing assays (27-29) showed consistent reductions in the percentage of patient and sibling PMN to kill E. coli and Porphyromonas gingivalis (Table 3 ). In contrast, there was normal phagocytosis and killing of Staphylococcus aureus (same). These functional defects correlate with the proband's infectious course and with results using GSD 1b PMN (26, 32) . Similar results were found in PMN from two unrelated G188R patients (below).
Proband is homozygous for G188R, and two unrelated G188R homozygotes have PMN abnormalities. DNA sequencing analysis of the entire coding region and the exon/ intron junctions of the G6Pase gene showed a G to C trans- Numbers represent V max in mOD/min/5 ϫ 10 5 PMN, mean value of four measurements; inhibitable with superoxide dismutase. Multiple experiments were performed with proband and control PMN. Data presented are representative from concurrent assays using proband, sibling, and control PMN. Resting PMN data not shown.
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G188R AND ATYPICAL GSD1 PHENOTYPE version at position 641 of the G6Pase cDNA in all five clones sequenced (Fig. 2) , which changed a glycine to arginine at amino acid codon 188. This mutant allele, localized in exon IV of the G6Pase gene, exhibited an abnormal migration pattern in SSCP analysis (31) . Family studies revealed that both parents were heterozygous, and the patient was homozygous for this mutation (Fig. 3) . Specific changes of restriction enzyme sites in the genomic DNA due to these mutations confirmed that these are true mutations, not PCR artifacts (data not shown).
Two additional unrelated GSD 1a patients (from separate families) with homozygous G188R mutations were identified using these screening methods (31) and subsequently shown to have had infections and PMN abnormalities. These included mild chronic neutropenia, decreased oxidative metabolism, impaired chemotaxis, and defective killing of E. coli. G188R mutation abolishes G6Pase activity. Site-directed mutagenesis of the G6Pase cDNA was performed, and constructs were transiently expressed in COS-7 cells (3, 7) . The G188R mutation abolished phosphohydrolase activity in transient expression experiments (G6Pase activities were 95, 18, and 15 nmol⅐min Ϫ1 ⅐mg Ϫ1 protein in wild-type cDNA, G188R mutant cDNA, and mock transfection, respectively). Thus, transfection of this allele and subsequent enzyme assays show that the G188R mutation results in G6Pase deficiency.
Index case does not have a mutation in the G6P translocase (T1 transporter) gene. All nine exons as well as the first 200 bp of the promoter region of the T1 transporter gene were analyzed by SSCP and heteroduplex analysis. Results were confirmed by sequence analysis of selected regions (12) . No mutations in the translocase gene were found.
DISCUSSION
We report here a group of patients from three unrelated families with hepatic enzymology and mutations in the G6Pase gene characteristic of GSD 1a. Chronic neutropenia, recurrent bacterial infections, and response to cytokine therapy, however, are similar to GSD 1b patients at the milder end of the clinical spectrum (5, 26, 33, 34) . These patients were able to mount a modest granulocytosis with infections and had variable degrees of PMN dysfunction. The proband, who had significant morbidity due to infections associated with neutropenia, responded to G-CSF in a manner similar to GSD 1b patients.
Although our findings suggest a role for G6Pase in microsomal membrane transport of G6P (20) , it is important to note that the G6Pase gene is not highly expressed in human PMN (13) and that biochemical evidence suggesting catalysisdependent G6P transport is often difficult to interpret. These issues are further complicated by the finding of a G6Pase-like activity in the ER of human PMN and platelets (22) . An alternative explanation for our results is that the G188R mutation serves as a marker for a distinct locus involved in PMN function and myelopoiesis. This as yet undefined gene product could be either a membrane or cytosolic component whose function may vary from substrate or product transport to intracellular signaling in leukocytes. Percentages represent PMN with more than three bacteria ingested per cell and greater than 50% nonviable intracellular organisms (mean of three experiments). P ϭ proband PMN; S ϭ sibling PMN; C ϭ control PMN. 
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Neutrophil dysfunction in PMN from GSD 1b patients receiving G-CSF and GM-CSF has been well described (26, 34) . As in our index case, two subpopulations of PMN are identified by their capacity to produce superoxide and peroxide, with one population producing normal amounts by both assays (26) . This functional heterogeneity is well documented in PMN from G-CSF-responsive GSD 1b patients, but its basis is not known (26) . Impaired chemotaxis, the most reproducible defect in GSD 1b, is not normalized by treatment with G-CSF. Diminished killing of E. coli is also characteristic of GSD 1b PMN (32) and is again noted in our four G6Pase-deficient G188R patients. When considered in the context of chronic neutropenias, these PMN functional findings are not typical of any other heritable or acquired disorder.
Mechanisms responsible for the distinctively abnormal PMN function in GSD 1b are not well understood, however. If the metabolic defect found in GSD 1b hepatocytes is also present in PMN, it would result in a block of G6P transport from the cytosol into the ER. G6P is important in PMN chemotaxis and phagocytosis (35) . Degranulation is apparently not affected by microsomal G6P levels (36) . Decreased respiratory burst activity is not uniform in GSD 1b PMN; some patients have relatively normal values, though methods vary (32) (33) (34) (35) (36) . These defects are postulated to be caused by variably decreased rates of NADPH biosynthesis in GSD 1b PMN (6) . Hexose monophosphate shunt abnormalities have been associated with G6P transport defects (35) . Decreased respiratory burst activity seen in PMN from GSD 1b patients has also been linked to abnormalities in calcium mobilization (36) .
These and other results suggest an intracellular signaling role for the T1 translocase and possibly for certain domain(s) of G6Pase. The G188R mutation is located in the fifth transmembrane domain of G6Pase, the same segment that H176 (the phosphate acceptor site) is located. Given the relatively mild PMN abnormalities in our patients, the results are analogous to a partial rather than complete defect in G6P transport (32) . The data are consistent with the notion of G6Pase partially regulating import of G6P through functional interaction with the translocase or other membrane component(s).
Although it is conceivable that we have missed a mutation in an unknown transporter or phosphatase gene in the index case, it is more likely that homozygous G188R mutation of the G6Pase gene accounts for our results. Individuals who are heterozygous for this mutation (37) do not appear to be affected (e.g. parents, Fig. 3 ). If considering the proband's abnormal neutrophil phenotype and hepatic enzymology to be separate mutational events, the odds that this combination arose due to chance are remote, although we cannot rule out uniparental isodisomy. With an affected sibling and two additional unrelated G188R homozygotes having PMN abnormalities, it is even less likely to be a chance association. Patients with similar mutations in G6Pase should be studied for quantitative and qualitative neutrophil disorders. Future studies will focus on the role of these genes in myeloid development and PMN function. 
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